Perfluorooctanoate (PFOA) is a synthetic surfactant used in a variety of industrial applications 1) . It is also formed through the degradation or metabolism of certain other manmade fluorochemical products 1) . PFOA has been reported to cause diverse toxic effects in laboratory animals including primates 2, 3) . An epidemiological study of workers exposed to PFOA revealed a significant increase in prostate cancer mortality 4) . A cross-sectional study of PFOA-exposed workers showed that PFOA perturbs sex hormone homeostasis 5) , but recent long-term follow-up studies on the workers could not confirm the earlier adverse effects [6] [7] [8] .
There is evidence that perfluorooctane sulfonate (PFOS), which is an analogue chemical of PFOA, is globally distributed in humans 9, 10) as well as wild life 11, 12) . In contrast, contaminations with PFOA have been observed in wild animals specific to some geographic areas 12, 13) . Similarly, geographical differences in serum PFOA levels have been reported in non-occupationally exposed persons 5, 10) . Recent ecological investigations have shown that one of the ecological sources of PFOA and PFOS is discharge waters from manufacturers 14) . Moody et al. 15) recently reported that perfluorinated surfactants, including PFOA and PFOS, which were present in some formulations of fire-fighting foams were detected in ground water at U.S. Air Force Bases after cessation of their use. We have also shown that there is a large variation in PFOS contamination levels in Japan 16) . Geological differences may be attributable to area-specific sources and traffic density 17, 18) . The major aims of the present study were twofold. First, the PFOA concentrations were determined in surface water in Japan. This would provide a nationwide profile of the PFOA concentration levels. Since surface water is the major source of drinking water in Japan, information on the concentration levels of surface water is important for characterizing the exposure of the population. The second aim was to find sources of PFOA, which are associated with geographic differences in PFOA concentration levels. Identified sources would suggest a large industrial production of PFOA or other related materials as well as environmental leakages in specific areas. In the present study, PFOS levels were also determined to delineate differences in the contamination profiles between PFOS and PFOA.
Methods and Materials

Standards
Perfluorooctanois acid (98% purity) was obtained from Aldrich (Milwaukee, WI) and potassium salt of PFOS (98% purity) was obtained from Fluka (Milwaukee, WI). HPLC-grade methanol was purchased from Wako Pure Chemicals (Osaka, Japan). Presep-C Agri cartridges (Solid phase: Styrene divinylbenzene polymethacrylate on a polyethylene housing) (Presep-C, 220 mg cartridge) were also purchased from Wako Pure Chemicals (Osaka, Japan).
Waters including deionized water, were contaminated with PFOS 16) , and deionized water was only used after passage through a Presep-C Agri cartridge to remove the residual PFOA and PFOS in this study. We confirmed that the concentration of PFOA or PFOS in the methanol used was less than the detection limit.
Water sampling
Water samples were collected from rivers, coastal sea water and tap water. For all sampling, a two-L sample was collected in polyethylene terephthalate disposable containers with narrow-mouth bottle tops and screw caps as previously reported (Saito et al. 16) We collected tap waters in the Osaka area [Kyoto city, Osaka city and Hanshin area (Amagasaki and Kobe cities)], and in Tohoku district (Morioka, Sendai and Yokote cities). To minimize the possibility of sample contamination, containers were thoroughly rinsed with methanol and deionized water prior to use. Samples were stored at room temperature (22°C) prior to analysis.
Field quality samples
A field matrix spike (FMS) and a field matrix blank (FMB) were prepared when we collected water samples in Iwate and Osaka areas. Sixteen samples of two-L bottles were collected at each sampling site. Eight of the sixteen bottles were spiked with analytes for FMS and the other eight bottles were analyzed without spiking for FMB. FMSs collected in Iwate were spiked with PFOA and PFOS at 1 ng/L in the field. FMSs collected in the Osaka area were spiked with PFOA at 20 or 200 ng/L and PFOS at 20 ng/L in the field.
Field spike control samples (FSC), deionized water spiked with amounts of PFOA and PFOS corresponding to the counterpart FMS, were also prepared. We also prepared deionized water samples without spikes as field blanks.
Solid phase extraction
We split a two-L sample into two one-L preparations. Individual one-L preparations were processed separately. First, they were filtered through glass fiber filters (1.0 µmø) (ADVANTEC GA 100, 55 mm ø, ADVANTEC, Tokyo, Japan) to remove sediments and biota as previously reported 16) . Subsequently, they were passed through a membrane filter (Millipore JAWPO4700, 47 mm ø, pore size 1.0 µm)(Millipore, Tokyo, Japan). Samples were passed through a Presep-C Agri column at a flow rate of 10 mL/min using a Waters Concentrator System (Concentrator Plus, Waters, Tokyo, Japan). Presep-C cartridges were then eluted with 1.5 mL of methanol and concentrated at room temperature under nitrogen gas flow to 1 mL for the LC/MS analyses 16) . 
LC/MS and quantification
The methanol extracts (10 µL injection volume of the 1 mL extract) were chromatographed by HPLC at a flow rate of 0.2 mL/min as shown in Table 1 . The total runtime was 20 min, without any equilibration time between samples. We employed gradient conditions in the mobile phase: the concentration of CH 3 CN (A) in 10 mM CH 3 COONH 4 buffer (B) started at 35%, then increased to 45% at 2%/min for 5 min, and was then maintained at 45% until 20 min ( Table 1 ). The column temperature was maintained at 40°C.
The PFOA and PFOS standards were mixtures of linear and branched isomers (approximately 80% linear). Because isomerically separated standards for PFOA and PFOS are not available, it was assumed that the response factors for branched and linear isomers are equivalent and that the standard mixture is representative of that identified in the samples.
Mass spectra were taken on an LC/MS system equipped with an orthogonal spray interface, employing electrospray ionization in the negative mode. The fragmentor voltages were 100 V for PFOA and 200 V for PFOS and V cap voltages were 4000 V for both analytes ( Table 1 ). The nebulizer pressure was 50 psig and the drying N 2 gas flow rate was 10.0 L/min. The selected ion monitoring (SIM) mode was employed for quantification of analytes (Table 1) .
In the selected negative-ion mode monitoring of ions, the fragment ions for PFOA ion 413 (C 7 F 15 CO 2 -) and for PFOS ion 499 (C 8 F 17 SO 3 -) were monitored for quantification. The monitoring revealed a major peak with a retention time of 7.4 min for PFOA and 13.3 min for PFOS. To avoid interference and ensure complete selectivity, the fragment of PFOA, ion 369 (C 7 F 15 -) and the fragment of PFOS, ion 99 (FSO 3 -) were also monitored.
Throughout this study, the mean of two one-L preparations from a two-L sample was calculated for quantification of each sampling.
Validation study
Precision and accuracy were evaluated by determining PFOA and PFOS in quality control samples. In order to assay the quality control samples, three calibration curves spanning concentrations from 0 ng/L to 150 ng/L were prepared along with the samples. The calibration curves used for quantification, consisting of six points covering 0 ng/L to 2.0 ng/L and 5 ng/L to 150 ng/L in deionized water, were plotted using a linear fit. The curves were not forced through zero.
The precision of the method at each concentration was expressed as a coefficient of variation (CV), by calculating the standard deviation (SD) as a percentage of the mean calculated concentration, while the accuracy of the assay was determined by expressing the mean calculated concentration as a percentage of the added concentration.
The percentage extraction recovery of PFOA and PFOS at four different concentrations (0.5,5,50 and 150 ng/L) was determined by samples dissolved in one-L deionized water. These samples were prepared and eluted as other surface water samples, resulting in ×1,000 concentration. They were calibrated against the samples dissolved in methanol at (0.5,5,50 and 150 µg/L). The limit of detection (LOD), defined as the lowest concentration that the analytical process can reliably differentiate from background levels, was considered to be three-fold larger than the signal-to-noise (S/N) ratio. The lowest limit of quantification (LOQ) was defined as the lowest concentration with a CV<10%.
Statistics
Means and standard deviations were calculated. When indicated, the geometric means (GM) and geometric standard deviations (GSD) were calculated. The data were analyzed with SAS software (Version 8.2; SAS Institute Inc., Cary, NC). A p<0.05 was considered significant. Figure 1 shows typical chromatographic patterns of PFOA and PFOS in a sea water sample spiked at 1.0 ng/ L and a deionized water sample spiked at 0.1 ng/L.
Results
Chromatographic identification of PFOA and PFOS
Portions of the surface water samples (river samples, n=3) were also analyzed by LC/MS/MS (Applied Biosystems API3000TM, Tokyo, Japan) for confirmation of PFOA and PFOS under optimal analytical conditions 9) . The 7.4-min peak had four daughter ions [ions 369 (C 7 F 15 -), 219 (C 4 F 9 -), 169 (C 3 F 7 -) and 119 (C 2 F 5 -)], confirming that it corresponded to PFOA (data not shown) 9) . The 13.3-min peak had the parent ion, m/z 499, and three daughter ions [ions 130 (CF 2 SO 3 -), 99 (FSO 3 -) and 80 (SO 3 -)], confirming that it corresponded to PFOS (data not shown) 9) . Based on confirmation by LC/MS/MS, we concluded that LC/MS has sensitivity and specificity of PFOS and PFOA to a degree similar to LC/MS/MS. Although multiple fragment ions were monitored, quantifications were based on two ions, ion 413 for PFOA and ion 499 for PFOS by LC/MS.
Calibration curve, accuracy and precision for LC/MS
The extracted standard curves obtained in the range 0-150 ng/L showed excellent linearity with a coefficient of correlation that was invariably greater than 0.999. Figure 2 shows the calibration curves relating the integrated peak area to the added concentrations of PFOA and PFOS on three different days.
The accuracy and precision were determined by evaluating an extracted curve of ten samples of deionized water spiked at four different levels for a total of 40 samples per analyte. The results for all analytes at each of the four concentration levels, along with the standard deviation for analysis and CV, are summarized in Table  2 . For all analytes, the precision as indicated by CV was within 10%. When field samples were concentrated by a factor of 1000 in a preconcentration step, the LOD was considered to be 0.06 ng/L for PFOA and 0.03 ng/L for PFOS.
Although we did not determine the lowest level to meet the criteria as CV<10%, the lowest point of the calibration curve, 0.1 ng/L, was assumed to be LOQ, of which the CV was less than 7% for both analytes. Differences in concentrations of PFOA and PFOS in two one-L preparations for each sample were all within 10%.
The extraction efficiency was determined by evaluating 
Iwate River (Site 4 in Fig. 3 Fig. 4 extracts of deionized water prepared at four levels (0.5, 5, 50, 100 ng/L, n=10 for each concentration) ( Table 3) . PFOA recoveries ranged from 92 to 99%, and PFOS recoveries ranged from 92 to 106%.
Determination of PFOA and PFOS in surface waters in Japan
Eight FMS and FMB samples and three FSC samples were collected per site in Osaka and Iwate fields. The results are shown in Table 4 . All FMSs were within 10% of the expected values. The recoveries of FSCs were also within 10% of the expected values. We analyzed 12 field blanks, and no analytes were detected above the LOD ( Table 4) .
The concentrations of PFOA and PFOS in surface water samples from rivers and seas collected from all over Japan (Fig. 3) were determined and the results are summarized in Table 5 .
A log-linear relationship was found between PFOA and PFOS concentrations in Japan. The PFOA concentrations in surface water (Y) were significantly correlated with PFOS concentrations (X) as expressed by Y=1.8 × 10 0.717X (r=0.60, p<0.01, N=85).
Both PFOA and PFOS concentrations were greater in Kinki district than in other districts (ANOVA, p<0.01). The coastal sea water samples also showed a similar trend: the PFOA and PFOS concentrations were highest in the Koshien Coast (Hyogo).
Sources of PFOA and PFOS contamination in the Osaka area
To search for sources of PFOA, we systematically collected surface water samples from Yodo River and Kanzaki River. Yodo River runs from Lake Biwa to Osaka Bay, and the width is 300 m downstream of Y10 (Fig. 4) with a flow rate of 600,000 m 3 /h. Kanzaki River (100,000 m 3 /h at K9) runs in parallel with the Yodo River.
Ina River flows into Kanzaki River at K9. Ina River collects water discharge from the Osaka International Airport. The width of Ina River is 100 m at K10. There is a canal between Kanzaki River and Yodo River (K15). The upstream region of Kanzaki River is named the Ai River. The width of Ai River is 50 m at the Aigawa Ryuiki water disposal site (A5). Disposed water is discharged at A5 at a flow rate of 270,000 m 3 /d. Samples were collected from various sites as shown in Fig. 4 .
The PFOA concentration was high along the foreshores of Osaka Bay (K1, K3, K5, K6 and Y1) ( Table 6 ). The concentrations increased along Kanzaki River and Ai River, reaching a maximum at the mouth of the Aigawa Ryuiki water disposal site (A5), where 67,000 ng/L of PFOA was recorded. If we assume that 270,000 m 3 /d is discharged from A5, the total PFOA discharged from this site was estimated to be 18 kg/d (67,000 ng/L × 270,000 m 3 /d × 10 -12 × 10 3 ). PFOS concentrations in Yodo River were high at water discharge sites (Y9, Y15, Y16). The concentrations in Kanzaki River were increased from K6 to K12 (Table 6 ). The Osaka International Airport is upstream of K12. The systematic search revealed a highly contaminated site of PFOS (O4 ) ( Table 6 ).
Tap water contamination levels in the Osaka area
Several cities collect water from Yodo River (K15) (Hanshin area, and Osaka city). The water supply for Hanshin area is a mixture from various sources of water including Yodo River. In contrast, Osaka city derives its water supply mostly from Yodo River at sites downstream of Y8.
The concentrations of PFOA and PFOS are summarized Fig. 4, 2) The mean of the duplicate one-L preparations for each sampling site in Table 7 . PFOA and PFOS concentrations were highest in the tap water in Osaka city. PFOA concentrations, in particular, were significantly higher than in other cities.
Discussion
The quantification of surface water samples collected from all over Japan showed surface water contamination with PFOA and PFOS. We found a large geographical difference in their levels.
For PFOS, the levels determined in the present study were in accord with those determined in our previous study 16) suggesting that the contamination profile of PFOS is reproducible.
The geographical systematic search revealed a highly contaminated site in the airport. In our previous study 18) , we identified as a source of contamination a water discharge site which collected a large amount of disposed water discharge from the Yokota Air Force Base. These lines of evidence may suggest that fire-fighting foams, which contain PFOS and had been used but have been banned recently, are still contaminating soil and water with PFOS even long after their use has ceased, as reported by Moody 15) . For PFOA, the contamination levels were significantly greater in the Osaka area than in other geographic areas. The present study was able to find the highest contamination levels at the Aigawa Ryuiki water disposal site. This site discharges an estimated 18 kg of PFOA daily. The levels of contaminations were unexpectedly higher than those in another report 14) . High levels of contamination with PFOA in the Osaka area warrant further study to find the sources of PFOA in this area. A future mass balance study in the Osaka area will give us a clue in terms of sources of PFOA.
The effects of exposure to PFOA at 40 ng/L through drinking water ingestion remain unknown, although there is a report that PFOA may increase the risk of prostate cancer 4) . The fact that more than one million people are estimated to drink water at this contamination level should be addressed. Further researches on workers and residents are warranted for risk assessment.
